Annealing induced amorphization in sputtered glass-forming thin films was generally observed in the supercooled liquid region. Based on X-ray diffraction and transmission electron microscope (TEM) analysis, however, here, we demonstrate that nearly full amorphization could occur in nanocrystalline (NC) sputtered NiW alloy films annealed at relatively low temperature. Whilst the supersaturation of W content caused by the formation of Ni 4 W phase played a crucial role in the amorphization process of NiW alloy films annealed at 473 K for 30 min, nearly full amorphization occurred upon further annealing of the film for 60 min. The redistribution of free volume from amorphous regions into crystalline regions was proposed as the possible mechanism underlying the nearly full amorphization observed in NiW alloys.
Crystallization often occurs upon annealing amorphous metals because crystalline phases are more thermodynamically stable than amorphous phases [1] [2] [3] . In the opposite way, it has also been reported that amorphization could take place while sputtered crystalline metal film was annealed in the temperature range between the glass transition temperature and the crystallization temperature, that is, the supercooled liquid region [4] [5] [6] [7] . It was proposed that, while annealed in certain temperature range, the high thermal and interfacial energies between nanocrystalline (NC) and glassy matrices could lead to amorphization. Despite that, upon annealing, there may exist an alternative way to derive amorphous phase from crystalline phase.
It has been well documented that NC metals, in particular pure elemental NC metals, are thermally unstable due to the high energy associated with the large volume fraction of grain boundaries (GBs). They usually exhibit tremendous grain growth upon annealing [8] [9] [10] [11] [12] [13] , even at modest temperature [14, 15] . On the other hand, alloying has been found to slow down the grain coarsening process in NC metals because additional solutes segregated in the GBs can reduce the total GB energy [16] [17] [18] [19] [20] . That is, NC alloys may sustain higher temperature and longer time than pure elemental NC metals without noticeable grain growth. However, upon lowtemperature annealing, NC alloys may undergo the process of GB relaxation [21, 22] , in which defects like dislocations or voids annihilate in the GBs, and the GB structure becomes relatively ordered. As indicated by Detor and Schuh [18] and Rupert et al. [23] , GB relaxation could occur in NC NiW alloy at temperatures ranging from 373 to 723 K. In the present work, we report an amorphization process observed in sputtered NC NiW alloy thin film after the alloy is annealed at relatively low temperature (473 K). The possible mechanism of this distinctive phenomenon is proposed and discussed.
Ni (99.99%) and W (99.95%) targets were used to deposit NiW alloy films on Si (100) substrates by using a D.C. magnetron sputtering system. The chamber was evacuated to a base pressure of ∼5 × 10 −4 Pa, and a working pressure of ∼3 × 10 −1 Pa was maintained by Ar flow. The total thickness of the alloy film was ∼1 m, and the substrate was neither heated nor cooled during deposition. Upon deposition, the as-deposited NiW films were vacuum-sealed (∼10 −3 Pa) in the same depositing chamber and annealed at 473 K for 30 and 60 minutes (referred to as NiW 30 min and NiW 60 min hereafter, resp.). It should be noted that the annealing temperature of 473 K selected in the present study could avoid possible grain growth as reported previously [18, 23] . X-ray diffraction (XRD) was performed via a XRD-7000 diffractometer (Shimadzu Corporation) at room temperature using Cu K radiation operated at 40 kV. Transmission electron microscope (TEM) and high resolution TEM (HRTEM) were conducted by JEM 2100F microscope operated at 200 kV. In addition, energy dispersive X-ray spectroscopy (EDS) analysis was used to identify the elemental composition of NiW films.
XRD patterns of both the as-deposited and the annealed NiW films are shown in Figure 1 . The as-deposited films exhibited a typical face-centered cubic (fcc) lattice structure, based on the identified (111) (2 = 43.31 ∘ ), (200) (2 = 50.13 ∘ ), and (220) (2 = 74.42 ∘ ) peaks of NiW. By annealing at 473 K for 30 min, the lattice structure changed to bodycentered tetragonal (bct), which corresponds to Ni 4 W as (211) (2 = 43.52 ∘ ) and (130) (2 = 50.34 ∘ ) peaks were observed. However, the peak at 2 = 74.42 ∘ corresponding to NiW (220) still remained. More importantly, the intensities of those peaks observed in NiW 30 min were relatively lower and broader than those in the as-deposited NiW, indicating that amorphization may have already started. For NiW 60 min , however, only a single broad diffraction peak was observed without detection of any diffraction peaks that referred to the crystalline phase, indicating that a fully amorphous structure was formed in the NiW 60 min film.
The cross-sectional bright field and dark field TEM micrographs of both as-deposited and annealed NiW films are presented in Figure 2 . Specifically, the TEM images and the associated diffraction ring pattern shown in Figures 2(a) and 2(d) clearly indicated the typical columnar nanocrystalline structure of as-deposited NiW films. The grain size along the crystal growth direction was about dozens of nanometers or even more than a hundred nanometers. In plane-view, however, the grain size was estimated to be only ∼10 nm. After annealing for 30 min, the microstructure of NiW 30 min exhibited two-phase nanoscale composition of a columnar nanocrystalline matrix containing dispersed areas of amorphous structure, as shown in Figures Figure 2 (g), only periodic lattice structures with a few stacking faults located in the middle of the columnar grain were observed. After annealing for 30 min, local amorphization occurred as Figure 2 (h) demonstrated that amorphous phase surrounded by crystalline structures appeared. Specifically, region "A" exhibited amorphous structure, whilst region "B" still maintained lattice structure. Eventually, as shown in Figure 2 (i), nearly full amorphization was observed where only one crystalline grain of diameter ∼7 nm appeared. In addition, according to the EDS results (not shown here for brevity), for both as-deposited and annealed films, the compositions of Ni and W were about 77% and 23% (atom%), respectively.
In general, there were two prerequisites for annealing induced amorphization in sputtering thin films: (1) high glass-forming alloy such as ZrCuAlNi [4] , FeTiCoNiBNb [6] , and ZrCuAlTi [7] should be used for deposition; (2) the asdeposited alloy should be annealed within the supercooled liquid region [4, 6, 7] . Under these circumstances, by observing annealing induced amorphization via in situ and ex situ TEM in sputtered glass-forming films, Chu et al. [4, 6, 7] suggested that three effects may affect the amorphization process significantly: interfacial energy between nanocrystalline and amorphous matrices, low viscosity of amorphous matrix, and unstable sputtered crystalline phases. However, despite these prerequisites, nearly full amorphization occurred in the present NiW alloy thin films. For NiW having lower glass-forming ability than those alloys listed above, it has been reported that its crystallization temperature ( ) was more than 873 K [24] and its element-compositional state was similar to the present NiW alloy films. For amorphous materials [4] [5] [6] [7] , as the supercooled liquid region lies generally in a range of tens of Kelvin, the glass transition temperature ( ) of NiW thin films should be larger than ∼800 K, much higher than the annealing temperature of NiW alloy films (473 K in the present study). Therefore, the physical mechanisms underlying low-temperature annealing induced amorphization observed in the present NiW alloy films may be quite different from previously proposed mechanisms for annealing induced amorphization [5] .
It should be noted that amorphization could also be induced by either hydrogen [25] or oxidation [26] . Hydrogeninduced amorphization, occurring usually under high pressure (up to 50 atmospheres) and elevated temperature [25] , could be excluded because the present NiW films were Journal of Nanomaterials deposited under hydrogen-deficient and sufficiently low pressure circumstances. Whilst oxidation is known to promote amorphization in numerous binary Al-and Zr-based alloys [26] , its effect should also be ruled out here since neither oxidized phase nor oxygen layer was detected both inside the alloy film and on its free surface. Other than the mechanisms previously proposed, we believe the supersaturation of W atoms in Ni matrix may play a crucial role in the amorphization process under lowtemperature annealing. Given that the solubility limit of W in NiW alloy is only ∼12 at.% [27] , the present NiW alloy with W content of ∼23 at.% should be in nonequilibrium state. Moreover, it has been indicated that amorphous phase would emerge when the content of W was sufficiently large, for example, ∼24 to 30 at.% [28] and ∼28 at.% [29] previously observed for NiW alloys, which were close to the W content (∼23 at.%) of the present NiW alloy.
As shown in Figure 1 , Ni 4 W with W content of 20 at.% was formed after 30 min annealing. The appearance of the Ni-rich phase, that is, Ni 4 W (consisting of only 20 at.% W), could increase the W content in the rest of the regions to beyond the solubility limits, that is, ∼24 to 30 at.% [28] and ∼28 at.% [29] for NiW alloys. Once the solubility limit was reached, amorphous phase would appear as observed in Figures 2(b) , 2(e), and 2(h). It should be noted, however, that W could accumulate in GBs by segregation, which might reduce the total energy in NiW alloys [18] . Despite that, it has been revealed that solute segregation to GBs in NC NiW alloys was most pronounced in the dilute limit, and the segregation tendency decreased with further alloying addition [20, 28, 30] . Indeed, in the present as-deposited NiW alloy thin films (23 at.% W), Ni atoms and W atoms distribute uniformly; only ∼2 at.% segregation was detected in GBs by EDS analysis, indicated by Figure 3 . Therefore, the low segregation tendency in the present NiW alloy resulted in negligible effect of GB segregation on the W content, and, upon annealing for 30 min, the majority of the excess W atoms derived after forming Ni 4 W were nearly homogeneously distributed in both inter-and intragranular regions. Under these circumstances, the content of W in certain regions might exceed the aforementioned amorphous forming limits, causing phase transformation from nanocrystalline to amorphous structure as shown in Figures 2(b) , 2(e), and 2(h).
The volume fraction of supersaturated regions upon annealing may be estimated semiquantitatively. More than twenty cross-sectional TEM bright-field and dark-field images were used to calculate the volume fraction of grain boundaries, and the representative TEM images were shown in Figure 2 . Here, we assume that the columnar grains in the as-deposited films were standard circular columns of length 50 nm in the cross-sectional direction and diameter 10 nm in the plane-view direction. The volume fraction of the GBs ( GB ) may hence be estimated as ∼20.6% (width of GB assumed to be 1 nm). The total content of W in the NiW alloy, total , may be calculated as
where GB , , and denoted separately the W content in GBs, matrix, and supersaturated regions, and GB , , and were the corresponding volume fractions. With total = 0.23, = 0.2, and GB = 0.206, Figure 4 shows the dependence of upon when GB was varied in the range from 0.22 to 0.28. The upper and lower limits for amorphous forming in NiW alloys (∼24 and 30 at.% [28] ) were indicated by dashed lines in Figure 4 . Accordingly, for the present NiW alloy, the volume fraction of supersaturated regions (corresponding to those regions changed to amorphous phase after 30 min annealing treatment) should vary in the range from ∼27% to 65%, as the degree of segregation in GBs was about 0.22. The estimated volume fraction of the supersaturated regions was consistent with the amorphous regions observed experimentally, as shown in Figures 2(b) , 2(e), and 2(f).
Upon annealing at 473 K for 60 min, nearly full amorphization occurred as shown in Figures 2(c) , 2(f), and 2(i). The dominant mechanism(s) for the unusual amorphization process, which broke down nearly all the crystalline structure Ni Ka1 Figure 4 : Predicted dependence of upon for GB ranging from 0.22 to 0.28, with the two dashed lines representing the range of solubility limit (24 at.% to 30 at.%) for NiW alloys as reported in [28] .
in the present NiW alloy after further annealing, remains unclear. This may be associated with a rearrangement of atoms between amorphous and crystalline regimes, analogous to the free volume expanding process previously proposed for nanoglass [31, 32] . For nanoglass containing a large amount of glass/glass interfaces, the interfaces may be delocalized upon annealing, causing the free volumes initially located in the glass/glass interfaces to expand uniformly over the entire nanoglass [33] [34] [35] . Then, the scenario as illustrated in Figure 5 may take place in the 30 min annealed NiW alloy after further annealing for 60 min, which may cause nearly all the crystalline structure to break down. Figure 5 (a) depicted schematically a columnar grain in the as-deposited NiW alloy, with W and Ni atoms indicated by red and blue filled circles, respectively. After annealing for 30 min, as previously discussed, Figure 5 (b) indicated that amorphization due to supersaturation of W atoms in Ni matrix occurred in some regions. Upon further annealing for 60 min, as shown in Figure 5 (c), the free volume in amorphous regions would be reduced while structural relaxation occurred. Then, the redundant free volume could only enter the surrounding crystalline regions, that is, the derived Ni 4 W lattice structure after 30 min annealing, which was in metastable supersaturate state according to its equilibrium phase diagram. Eventually, a large proportion of the redundant free volume might be expanded uniformly over the Ni 4 W lattice structure, and the metastable crystalline regions changed into the relatively stable amorphous phase, the latter having a relatively lower free energy than the crystalline phase. In summary, nearly full amorphization in sputtered nanocrystalline NiW alloy films induced by low-temperature annealing was observed experimentally. It was proposed that the supersaturation of W atoms in Ni matrix played a key role in the amorphization process when the annealing lasted for 30 min. Upon annealing for a further 60 min, it was proposed that the redistribution of free volume from amorphous regions into crystalline regions may eventually break down the residual crystalline structure, causing the nearly full amorphization. Low-temperature annealing induced amorphization technique should be a simple and convenient method for preparation of amorphous metals. It can be used to produce some amorphous alloys with unique composition, which can be hardly produced by the traditional method.
